Background. Cystic fibrosis (CF) lung disease is associated with diverse bacteria chronically infecting the airways. Slow-growing, antibiotic-resistant mutants of Staphylococcus aureus known as small-colony variants (SCVs) have been isolated from respiratory secretions from European adults and children with CF lung disease using specific but infrequently used culture techniques. Staphylococcus aureus SCVs can be selected either by exposure to specific antibiotics or by growth with another CF pathogen, Pseudomonas aeruginosa. We sought to determine the prevalence, clinical significance, and likely mechanisms of selection of S. aureus SCVs among a US cohort of children with CF.
during infection with S. aureus compared with P. aeruginosa [7] [8] [9] . These observations have led to a reexamination of S. aureus and its role in CF lung disease [10] .
Phenotypic variants of S. aureus called small-colony variants (SCVs) emerge during many chronic infections [11] , including in CF [12] [13] [14] [15] [16] [17] . Staphylococcus aureus SCVs grow slowly on most laboratory media due to metabolic defects, which also confer resistance to many antibiotics [11] . Staphylococcus aureus SCVs can be selected in vitro either by long-term exposure to specific antibiotics [11, 18] or growth with P. aeruginosa [19, 20] , both of which occur commonly in CF airways. However, these various conditions select for phenotypically different SCVs, with distinct metabolic defects and antibiotic resistance profiles.
As a result of their slow growth, S. aureus SCVs are difficult to detect unless specifically looked for. Currently, most clinical laboratories do not use culture methods required to detect SCVs or to estimate their prevalence and clinical impact. Recent studies of adults and children with CF in Europe [12] [13] [14] [15] [16] reported S. aureus SCV prevalences of between 8% [16] and 33% [13] and unadjusted associations with lower lung function [14, 15] , but for several reasons those results cannot necessarily be extrapolated to other CF populations. For example, US and European CF centers differ substantially both in antibiotic treatment and prophylaxis practices [1, 2, 21, 22] and in rates of P. aeruginosa culture positivity [2, 6, 14, 22] , 2 factors predicted to influence S. aureus SCV prevalence and antibiotic resistances. Children with CF also differ from adults in those 2 factors. We hypothesized that S. aureus SCVs would be common in US pediatric CF patients, but with different predicted antibiotic resistances from those found in previous (European) studies, warranting routine surveillance. To test these hypotheses, we performed a 2-year study of our hospital's CF population using specialized culture methods and detailed logs of antibiotic use. We focused on children due to their relatively mild disease, high rates of S. aureus, relatively little antibiotic exposure, and less frequent P. aeruginosa infection compared with adults, strengthening our ability to determine associations with specific selection pressures and disease severity.
METHODS

Study Design
This study was performed at Seattle Children's Hospital (SCH) between 2008 and 2010 and approved by the SCH Institutional Review Board. Eligible patients at enrollment were ≤16 years of age, with documented CF diagnosis, a minimum of 2 CF clinic visits and 2 respiratory cultures in the 12 previous months, and written informed consent/assent. Patients were excluded for previous lung transplant or comorbidities that would interfere with data interpretation (eg, prematurity, non-CF immunodeficiency, or congenital or structural lung disease). Of 137 eligible subjects, 103 were approached, and 100 were consented and observed prospectively for up to 2 years (average of 7.3 study visits per subject) during regularly scheduled quarterly CF clinic visits. Participants recorded their use of antibiotics and mucolytics in logs collected at study visits. Lung function measurements and culture results were obtained from the local CF clinical database.
Bacterial Isolate Culture and Characterization
Respiratory tract specimens (sputum, bronchoalveolar lavage, or oropharyngeal [OP] swabs) were cultured for traditional CF pathogens and SCV S. aureus at the Cystic Fibrosis Foundationfunded Therapeutics Development Network Center for CF Microbiology (TDN-CCFM) at SCH. Culture, species identification, and pulsed-field gel electrophoresis (PFGE) methods are described in the Supplementary Data.
Sputum Analysis
All expectorating participants were asked to provide 2 sputum samples per visit. When this occurred, the first sample was cultured by the TDN-CCFM. DNA extracts from the second were subjected to molecular microbiological analyses as described in the Supplementary Data.
Statistical Analysis
Data were summarized using descriptive statistics. Comparisons between patient subgroups were performed using t tests with unequal variances or χ 2 tests. Multivariable linear regression models with covariate adjustment compared differences in lung function between patients who were never versus ever SCV positive (the latter defined as having ≥1 positive culture) during the study. Multivariable logistic regression models with covariate adjustment were used to assess associations between SCV detection and preceding antibiotic use, isolation of P. aeruginosa, and pulmonary exacerbation (defined as new antibiotic administration for respiratory symptoms) during study follow-up. All analyses were exploratory and were not adjusted for multiple comparisons. Analyses were performed using Stata software, version 12.0 (StataCorp, College Station, Texas).
RESULTS
Clinical Characteristics
One hundred children with CF were studied for an average of 1.7 years (SD, 0.3 years; minimum, 0.5 years; maximum, 2.0 years). Subjects had a mean of 8.4 respiratory cultures during the study (SD, 2.9), of which 67.5% were OP swabs, 31% sputum, and 1% bronchoalveolar lavage. Study population demographic details are shown in Table 1 . Table 2 shows the proportion of subjects who were culture positive for specific bacteria during the study either intermittently or persistently (defined as having positive cultures during <50% and ≥50% of age quarters in which cultures were performed, respectively, similar to criteria used previously for P. aeruginosa [23] ). Considering these categories together, 88% of subjects were culture positive during the study for any S. aureus, 26% for MRSA, and 24% for S. aureus SCVs. The SCVs from 9 subjects were also MRSA (37% of SCV-positive subjects). Forty-seven percent of the SCVs were isolated from OP swabs, and 53% from sputum. Figure 1 illustrates the patterns of culture positivity for S. aureus SCVs as a function of age among the 24 SCV culture-positive subjects during the study. In general, subjects tended to have alternating positive and negative culture positivity for S. aureus SCVs, strongly suggestive of repeated selection and enrichment for SCVs in each subject, incomplete detection by individual cultures, or both. Culture results at enrollment are shown in Supplementary Table 1 . Among cultures positive for S. aureus SCVs, 33% were negative for normal-colony S. aureus, indicating that no S. aureus would have been detected without SCV surveillance. Similarly, 28% of those cultures were negative for both of the most commonly cultured "standard CF pathogens" [2] , normal-colony S. aureus and P. aeruginosa. 
Respiratory Microbiology
Clinical Characteristics Associated With S. aureus SCVs
Among the 63 subjects ≥6 years who could perform spirometry and had S. aureus isolated during the study, SCV detection (ever vs never) was associated with significantly lower values of the lung function measure forced expiratory volume in 1 second percent predicted (FEV 1 % predicted) FEV 1 % predicted at the beginning and end of the study (Table 3) , with a trend toward greater decline in FEV 1 % predicted during the study. Change in FEV 1 % predicted was significantly associated with SCV detection in a linear regression model that adjusted for age and lung function at enrollment (Table 4 , model 1). Controlling for P. aeruginosa and MRSA did not diminish the strength of that association (Table 4 , models 2 and 3). Because of concern about day-to-day spirometric variability, we repeated this analysis using slope of FEV 1 % predicted (incorporating all study measurements, rather than only first and last), with similar results (Supplementary Table 2 ). In contrast, we found no significant association for either measure of lung function decline and MRSA (P = .257 and P = .841, respectively) or P. aeruginosa (P = .770 and P = .152, respectively) when adjusting for age and enrollment FEV 1 (not shown).
We investigated whether there were other differences between subjects who were culture positive versus culture negative for S. aureus SCVs. Although there was no association between age and SCV detection among subjects evaluated by spirometry (Table 3) , among all subjects with S. aureus there was an association with increased enrollment age for those ever (n = 24) versus those never positive (n = 64) for SCVs during the study (11.1 vs 8.8 years, P = .016, not shown).
Frequency of CF respiratory exacerbation was not significantly different during the study period between subjects who were ever versus never S. aureus SCV culture positive (87% vs 77%, respectively, experienced an exacerbation; P = .447 adjusted for enrollment age, not shown). Results were similar for both P. aeruginosa (P = .583) and MRSA (P = .536).
Molecular Characteristics of S. aureus SCVs
The metabolic type and resistance profile of an SCV can usually be predicted from its selecting condition. For example, SCVs defective in production of the metabolic cofactors menadione or hemin can be selected by aminoglycosides and fusidic acid [18] , resulting in high resistance to these and other antibiotics in vitro. Both types of SCV [19, 20] can also be selected by growth with P. aeruginosa. SCVs that are defective in the synthesis of thymidine can be selected by sulfonamide antibiotics such as trimethoprim-sulfamethoxazole (TMP-SMX), and they are resistant to TMP-SMX and other antibiotics in vitro [11] .
All S. aureus SCVs from this study were therefore tested for improved agar growth by disks of menadione, thymidine, or hemin, or in increased CO 2 (auxotrophy tests [11] ; Supplementary Figure 1 ). We found that 95% were auxotrophic for thymidine, 7% for hemin, 1% for menadione, and 1% for CO 2 . As shown in Table 5 , SCV detection was significantly associated with TMP-SMX treatment during the preceding quarter; no significant association was found for aminoglycosides (Table 5) or coinfection with P. aeruginosa (P = .066, not shown). A significant association was also found for rifampin treatment, but this drug was usually administered with TMP-SMX, and further analysis indicated that TMP-SMX was the strongest predictor of SCV detection (Table 5 ). These results suggest that TMP-SMX strongly selects for S. aureus SCVs within CF airways, with predicted resistance to TMP-SMX and other antibiotics [11] .
Selection Pressures for S. aureus SCVs
Closer analysis of the 6 subjects with hemin-or menadioneauxotrophic SCVs (25% of SCV-positive subjects, Figure 1 ) demonstrated that only half had recently been treated with aminoglycosides or TMP-SMX. However, 5 were culture positive for P. aeruginosa within 6 months before SCV isolation, and the sixth had 3 sputum samples that tested positive for P. aeruginosa by quantitative polymerase chain reaction (qPCR) and pyrosequencing. Thus, coinfection with P. aeruginosa may select for specific S. aureus SCV metabolic types, with predicted resistance to aminoglycosides and other antibiotics [19] . Furthermore, testing of a subset of thymidine-auxotrophic SCVs revealed all to be relatively resistant to growth inhibition by P. aeruginosa compared with clonal, normal-colony S. aureus isolates from the same patients (Supplementary Figure 2) . Therefore, coinfection may frequently provide additional selection pressure for all S. aureus SCV types. In CF, TMP-SMX is commonly used to treat MRSA [24] , Burkholderia cepacia species [22] , or Stenotrophomonas maltophilia [1, 22] . Given the results shown in Table 4 (model 3) and the rarity of B. cepacia (Table 2) , it remained possible that S. aureus SCVs were a marker for S. maltophilia. We therefore repeated our analyses of the relationship between FEV 1 and SCVs controlling for S. maltophilia and found no change in the SCV effect (Table 4 and Supplementary Table 2 , model 4). Thus, the relationship between S. aureus SCVs and respiratory outcomes was not simply attributable to treatment of other commonly cultured CF pathogens, including MRSA, P. aeruginosa, or S. maltophilia.
The interrelated associations between S. aureus SCVs, TMP-SMX, and lung function in this study raised the possibility that TMP-SMX treatment was itself a risk factor for worse lung function. TMP-SMX was used in 24% of CF exacerbation treatments including oral antibiotics in our study, and by 38% of study subjects, much less frequently than β-lactams and similar to many other antibiotics (Supplementary Table 3 ). As shown in Table 4 and Supplementary Table 2 (model 6), adjusting our analyses for any TMP-SMX use during the study did not change the strength of the association between SCV positivity and change in FEV 1 % predicted. Similarly, adjusting for the occurrence of antibiotic-treated exacerbations during the study did not change this association (model 5). Thus, the association between SCVs and worse respiratory outcomes also was not simply due to the use of TMP-SMX or of antibiotics in general.
SCV Genetic Typing
We used PFGE to determine whether SCVs emerged in vivo from preexisting normal-colony lineages. From each SCV culture-positive subject, we analyzed at least 1 SCV (60 SCVs from 24 subjects) and at least 2 normal-colony S. aureus isolates (75 isolates from 24 subjects). The results in Supplementary Figure 3 demonstrate that the S. aureus SCVs belonged to 14 distinct PFGE groups. (Although the focus of this analysis was on clonality within each study subject, a molecular epidemiological description of the S. aureus within the study population, and comparison with S. aureus in other CF populations, will be presented elsewhere.) Five lineages of genetically related S. aureus SCV isolates were found in ≥3 subjects, suggesting that specific SCV lineages were more common than others. However, in the vast majority of subjects (21/24), an SCV was isolated subsequent to or concurrent with a clonally related normal-colony S. aureus isolate, suggesting that SCVs were generally selected in vivo rather than transmitted as SCVs between subjects. In the remaining 3 cases, no clonally related normal-colony S. aureus isolate was identified from the same subject as an SCV. Two of these SCVs were genetically indistinguishable from SCVs isolated from other subjects, suggesting that, while uncommon, transmission of SCVs or acquisition from a common source could have occurred between subjects.
Abundance of S. aureus SCVs
Because of their poor growth, it is possible that S. aureus SCVs are less abundant in vivo than their normal-colony counterparts, with implications for in vivo growth and pathogenicity and for detection. We therefore performed S. aureus speciesspecific qPCR on 54 sputum samples from 27 S. aureus-positive study subjects (range, 1-6 samples per subject), including 13 
DISCUSSION
In our study, S. aureus SCVs were common, detected in about one-quarter of participants, and were independently associated with substantially worse lung function outcomes. This effect persisted when controlling for enrollment disease severity, age, and other relatively well-studied CF pathogens, including P. aeruginosa, S. maltophilia, and MRSA of all colony sizes. Analyses indicated that the S. aureus SCVs were selected in vivo most often by the antibiotic TMP-SMX, and less frequently by coinfection with P. aeruginosa. Because few clinical laboratories currently identify or report SCVs, and no optimal therapeutic approach to SCVs has been identified, these results underscore the need for both widespread surveillance and additional clinical and laboratory studies of these variants. Our study was limited by its single-center nature. There currently is no gold standard method for detecting S. aureus SCVs; the techniques we used were similar to those used in other studies, but other methods with higher sensitivity and/or specificity may yet be identified. The agreement between our qPCR and culture findings was reassuring regarding this issue. Because OP culture for S. aureus is not a perfect predictor of lower airway culture [25] , future studies will be required to determine the relationship between culture positivity for SCVs in the upper and lower airways and whether detection in either location alone correlates with outcomes.
Staphylococcus aureus SCVs have been associated with diverse chronic infections [11] . Although several studies of European CF patients have been performed, the prevalence and clinical associations of SCVs in the current pediatric study population, in which antibiotics are rarely administered long-term for antistaphylococcal prophylaxis or treatment, extend and clarify those previous studies. Kahl et al [12, 13] found an S. aureus SCV prevalence of 33% over up to 6 years among German CF patients (adults and children) who had frequently received long-term TMP-SMX treatment and prophylaxis; most isolates were also thymidine-auxotrophic. However, that study did not correlate culture results with clinical outcomes. Besier et al [14] found S. aureus SCVs over 12 months among 17% of 267 German adults and children with CF who had frequently received long-term and prophylactic TMP-SMX. They found that subjects with S. aureus SCVs had lower lung function, advanced age, and more TMP-SMX exposure, but they did not report the effect of controlling for other variables, such as P. aeruginosa. Schneider et al [15] reported similar findings among 98 Swiss CF patients over 3 months. Interestingly, the study by Besier et al [14] , in which thymidine-auxotrophic isolates were relatively less common (63%) than in the current study, found S. aureus SCVs to be more common with P. aeruginosa coinfection. Thus, P. aeruginosa coinfection may strongly select for S. aureus SCVs in specific contexts, as suggested here.
The rarity of clinical laboratory culture for SCVs indicates that physicians are frequently unaware of these highly antibiotic-resistant infections in selecting treatments for their CF patients, underestimating the presence both of all S. aureus and of a subtype that correlates with worse respiratory disease. Therefore, routine S. aureus SCV surveillance would provide more complete information to guide treatment. During the study, many subjects continued to receive antibiotics to which SCVs are predicted to be resistant, such as TMP-SMX and aminoglycosides, indicating that treating physicians may have made different treatment choices had these results been available.
The relationship between S. aureus SCVs and lower lung function that we and others [14, 15] observed suggest at least 2 possible explanations: (1) SCVs are significant pathogens in CF, or (2) SCVs emerge more frequently in children with more aggressive lung disease, who receive more antibiotics either targeting traditional pathogens or simply as a response to their more troubling presentation. We did not find evidence beyond lung function outcomes for the first possible explanation in our study; for example, no association was found between SCVs and exacerbations (which may indicate different determinants of CF exacerbations and chronic spirometric decline), and too few subjects provided sputum to identify differences in inflammatory measures. With respect to the second possible explanation, S. aureus SCVs may merely be one of many indicators of higher antibiotic burdens, perhaps as indicated by lower enrollment FEV 1 among SCV culture-positive subjects. Similarly confounded relationships have been suggested for other antibiotic-resistant bacteria such as MRSA [26] and multiply antibiotic resistant P. aeruginosa [27, 28] . Interventional studies would likely be much more powerful than observational studies in clarifying these causal relationships, as well as in answering whether having S. aureus SCV culture information and/or specifically treating S. aureus SCVs would improve outcomes. In the meantime, the wider adoption of culture for S. aureus SCVs, and their report in surveillance data [2] and databases [29] , would greatly facilitate addressing these questions.
In the absence of further study, insufficient information exists to advise changes in current treatment approaches. For example, it may be tempting to avoid treatment of CF patients with TMP-SMX based on these findings, but our results give little indication of any clinical advantage of this strategy ( particularly because TMP-SMX treatment was not associated with worse lung function). Although these results suggest that SCVs should be detected and characterized to aid management, whether the therapeutic goal should be prevention, eradication, suppression, or episodic exacerbation treatment is not yet clear. Regardless, additional work will be required to determine how best to measure susceptibilities of clinical S. aureus SCVs in order to more rationally direct therapy.
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